The effects of Klebsiella pneumoniae endotoxin on the biliary excretion and renal handling of rhodamine-123 were investigated in rats at different times after intraperitoneal injection (1 mg/kg of body weight). The typical substrates for P glycoprotein, i.e., cyclosporine, colchicine, and erythromycin, inhibited the biliary clearance of rhodamine-123, whereas a substrate for organic cation transporter, cimetidine, did not inhibit clearance, suggesting that rhodamine-123 is transported mainly by P glycoprotein. The biliary, renal, and tubular secretory clearances of rhodamine-123 and the glomerular filtration rate significantly decreased 6 h after injection of endotoxin but returned to control levels by 24 h. These results suggest that endotoxin-induced decreases in P-glycoprotein-mediated biliary excretion and renal handling of rhodamine-123 were probably due to impairment of P-glycoprotein-mediated transport ability. Pretreatment with pentoxifylline (50 mg/kg) significantly inhibited endotoxin-induced increases in tumor necrosis factor alpha (TNF-␣) levels in plasma, which ameliorated the endotoxin-induced reduction of the biliary excretion of rhodamine-123. It is likely that endotoxin-induced impairment of the transport of rhodamine-123 is caused, in part, by overproduction of TNF-␣. The effect of endotoxin on the expression of P-glycoprotein mRNA in liver and kidneys of rats was investigated by using a reverse transcriptase PCR. The expression of Mdr1a mRNA in both liver and kidney decreased 6 h after endotoxin injection and returned to control levels after 24 h, whereas the expression of Mdr1b mRNA in liver increased at both times and that in kidney decreased at 24 h. These findings suggest that K. pneumoniae endotoxin dramatically decreases P-glycoprotein-mediated biliary and renal excretion of rhodamine-123 probably by decreasing the expression of Mdr1a, which is likely due to increased plasma TNF-␣ levels.
Endotoxin, which is an active component of the cell wall of gram-negative bacteria, is well known to induce damage of numerous organs, including the liver and kidney. The liver and kidney have crucial functions for the elimination of endogenous and exogenous substances, which are converted to more hydrophilic compounds by cytochrome P450 and/or conjugating enzyme and then are excreted into the bile or urine. A series of studies suggested that Klebsiella pneumoniae endotoxin reduces biliary and renal excretion of various organic anionic drugs as a result of changes in the biliary and renal tubular secretory systems (9, 10, (21) (22) (23) (24) . We recently found that K. pneumoniae endotoxin reduces hepatic cytochrome P450-dependent drug-metabolizing enzymes 24 h after intraperitoneal injection in rats, due to the overproduction of nitric oxide in plasma (17, 26) . However, less is known about the effect of endotoxin treatment on hepatobiliary and renal transport systems.
It is well known that hepatobiliary excretion of organic anionic drugs is mediated by a hepatocanalicular multispecific organic anion transporter (cMOAT), which belongs to the ATP-binding cassette transporter superfamily (14) . Another known transporter, P glycoprotein, acts as an ATP-dependent efflux pump for various drugs, such as vinca alkaloid and anthracycline anticancer drugs, calcium blockers, immunosuppressive agents, and macrolide antibiotics (37, 38, 42) , in normal tissues, such as the brain, liver, intestine and kidney (7, 12, 15, 31, 35) . Interestingly, there is evidence that the substrate specificities of P glycoprotein, cytochrome P450 3A4 (CYP3A4), and cMOAT overlap, and these proteins are located at hepatocytes and have similar functions for removing various drugs from the body (16, 20, 29, 41) . On the basis of these observations, K. pneumoniae endotoxin might modify the pharmacokinetics of drugs mediated by P glycoprotein. However, there is little information regarding the effect of K. pneumoniae endotoxin on P-glycoprotein-mediated biliary and renal transport systems and the expression of P-glycoprotein transport genes.
The aim of the present study was to clarify whether K. pneumoniae endotoxin modifies P-glycoprotein-mediated biliary and renal transport systems in rats. Rhodamine-123 was chosen as the model drug, since this compound is primarily excreted into the bile and urine in an unchanged form (18) . In order to evaluate the contribution of P-glycoprotein-mediated transport to the hepatobiliary and renal excretion of rhodamine-123, we used reverse transcriptase PCR (RT-PCR) to measure the expression of mRNA of the multidrug resistance proteins 1a and 1b (Mdr1a and Mdr1b), which are members of the P-glycoprotein subfamily, isolated from the liver and kidney at different times after intraperitoneal injection of endotoxin.
MATERIALS AND METHODS

Materials.
Endotoxin was isolated from K. pneumoniae LEN-1 (O3:K1 Ϫ ), which was identical to that used in previous studies (10, 17, 26) . Rhodamine-123 was purchased from Kanto Kagaku (Tokyo, Japan). Doxorubicin hydrochloride in the form of a commercial preparation for injection (adriamycin) was obtained from Kyowa Hakko Kogyo (Tokyo, Japan). Erythromycin lactobionic acid in the form of a commercial preparation for injection was purchased from Abbot Laboratories (North Chicago, Ill.). Cyclosporine was obtained from Novartis Pharmaceutical Co. Ltd. (Tokyo, Japan). Inulin and cimetidine were purchased from Nacalai Tesque (Kyoto, Japan). Colchicine was purchased from Wako Pure Chemical Industries (Osaka, Japan). Pentoxifylline was synthesized in our laboratory and was identical to that previously described (8) . All other reagents are commercially available and were of analytical grade. For in vivo experiments, rhodamine-123 was dissolved in physiological saline or 4% mannitol solution containing 1% inulin in order to determine the glomerular filtration rate (GFR), and other drugs were dissolved in physiological saline before use.
Animals and experimental protocols. Eight-to nine-week-old male Wistar rats weighing 280 to 300 g (Japan SLC, Hamamatsu, Japan) were used for all experiments. The rats were housed under controlled environmental conditions (temperature, 23 Ϯ 1°C; humidity, 55% Ϯ 5%) with a commercial food diet and water freely available. All animal experiments were carried out according to Nagoya University School of Medicine guidelines for the care and use of laboratory animals.
For rhodamine-123 clearance experiments, control rats and rats treated 6 or 24 h earlier with an intraperitoneal injection of K. pneumoniae endotoxin (1 mg/kg of body weight) were anesthetized by pentobarbital (25 mg/kg) and were cannulated with polyethylene tubes in the right jugular vein for drug administration, the left jugular artery for blood collection, and the femoral vein for drug infusion. The dose of endotoxin used in this study was chosen on the basis of previous studies (17, 26) . The urinary bladder and bile duct were also cannulated for urine and bile collection. All experiments were done under pentobarbital anesthesia, and body temperature was maintained at 37°C with a heat lamp.
To elucidate the effect of endotoxin on steady-state biliary excretion and renal handling of rhodamine-123, the rats received a bolus intravenous injection of rhodamine-123 and inulin in a loading dose of 85 g/kg and 10 mg/kg followed by constant-rate infusion (PHD 2000 infusion pump; Harvard, South Natick, Mass.) of a 4% mannitol solution delivering doses of 87 g of rhodamine-123 and 20 mg of inulin per h at a rate of 2 ml of inulin per h until the end of the study. A 60-min infusion was found to result in a steady-state concentration of rhodamine-123. These dosages were calculated using pharmacokinetic parameters obtained from preliminary testing. Mannitol was used to obtain a sufficient and constant urine flow rate. After a 60-min infusion, bile and urine were collected in preweighed tubes at 20-min intervals for 60 min throughout the experiment. Blood samples were taken at the midpoint of the bile and urine collection periods. Plasma samples were obtained by centrifugation of the blood samples at 3,000 ϫ g for 10 min. The volume of bile and urine samples was measured gravimetrically, with specific gravity assumed to be 1.0. All plasma, bile, and urine samples were stored at Ϫ40°C until analysis.
To elucidate the effects of cyclosporine (5 mg/kg), erythromycin (50 mg/kg), colchicine (5 mg/kg), and cimetidine (50 mg/kg) on the steady-state biliary excretion of rhodamine-123, each drug was administered intravenously 120 min after the start of the rhodamine-123 infusion. Blood and bile collection was carried out as described above.
To clarify the role of tumor necrosis factor alpha (TNF-␣) in the endotoxininduced decrease in P-glycoprotein-mediated biliary excretion, the protective effect of pentoxifylline, an inhibitor of TNF-␣ production, on the steady-state biliary excretion of rhodamine-123 was investigated. Pentoxifylline at a dose of 50 mg/kg was administered intraperitoneally to rats treated 1 h earlier with endotoxin or saline. The dosage of pentoxifylline was based on a previous study (2) . Blood and bile collection was carried out as described above. To measure concentrations of TNF-␣ in plasma, blood samples were collected at designated intervals (0.5, 1, 2, 3, and 4 h) after endotoxin injection in rats pretreated with or without pentoxifylline. Concentrations of TNF-␣ in plasma were measured with the Biotrak rat TNF-␣ enzyme-linked immunosorbent assay system (Amersham International, Little Chalfont, United Kingdom).
Protein binding experiments. Plasma protein binding is known to be a limiting factor in drug disposition, since only the unbound drug is distributed in the body and is subjected to liver and kidney excretion. To estimate the difference in the protein binding of rhodamine-123 among control rats and endotoxin-treated rats, the protein binding experiment was done by equilibrium dialysis using a cellulose membrane (Visking Sheet; Sanplatec Corp., Osaka, Japan) with the molecular mass cutoff set at 10 to 20 kDa. Under light anesthesia with ethyl ether, blood samples were obtained from the abdominal aortas of control rats (saline) and rats 6 or 24 h after injection of endotoxin, and plasma samples were immediately obtained by centrifugation. Four hundred microliters of a pH 7.4 phosphatebuffered saline solution containing 0.2 g of rhodamine-123 per ml was dialyzed against an equal volume of plasma samples at 37°C for 12 h to attain equilibrium. The concentration of rhodamine-123 was chosen on the basis of data on concentrations in plasma obtained in in vivo experiments. Concentrations of rhodamine-123 on both sides of the membrane were measured by high-pressure liquid chromatography (HPLC).
mRNA analysis by RT-PCR. Rat specific PCR primers against Mdr1a and Mdr1b were used for the analysis of mRNA levels of the respective transporter genes. Total RNA was isolated from frozen livers and kidneys of control rats and of treated rats 6, 12, or 24 h after injection with endotoxin using TRIzol reagent (Gibco Laboratories, Grand Island, N.Y.) according to the manufacturer's instructions. Single-stranded cDNA was synthesized from the isolated mRNA using RT (Superscript preamplification system; GIBCO BRL, Rockville, Md.). The RT mixture was amplified by PCR using Taq DNA polymerase (GIBCO BRL) in the presence of 0.2 M concentrations of forward and reverse primers. Primers for rat Mdr1a were 5Ј-AGAAACAGAGGAGCGCCATT-3Ј (forward) and 5Ј-GAATTCAACTTCAGGATCCG-3Ј (reverse) (511 bp) (3), those for rat Mdr1b were 5Ј-ACTGAGCTTCGAGGTGAAGA-3Ј (forward) and 5Ј-CAGA GCTGATGTCGCTTCAT-3Ј (reverse) (451 bp) (32) , and those for rat ␤-actin were 5Ј-TTCTACAATGAGCTGGGTGTGGC-3Ј and 5Ј-CTC(A/G)TAGCTC TTCTCCAGGGAGGA-3Ј (456 bp) (40) .
Drug analysis. Concentrations of rhodamine-123 in plasma, urine, bile, and dialysate were determined by HPLC after deproteination of the samples. The apparatus used for HPLC was a Shimadzu LC-6A system (Kyoto, Japan) equipped with a fluorescence detector (RF-535; Shimadzu) (excitation, 501 nm; emission, 524 nm) consisting of an LC-6A liquid pump and an SIL-6A autoinjector. The conditions were as follows: column, Cosmocil 5C 18 (4.6 by 150 mm; Nacalai Tesque); mobile phase, 10 mM NH 4 H 2 PO 4 -citric acid buffer (pH 4.0)-acetonitrile (2:1, vol/vol); column temperature (OTC-6A; Shimadzu), 50°C; flow rate, 1.0 ml/min. Briefly, 50 l of plasma, appropriately diluted urine and bile, and dialysate was vortexed with 300 l of acetonitrile. After centrifugation at 6,000 ϫ g for 5 min, 300 l of the supernatant was added to 200 l of acetonitrilewater (2:1, vol/vol) solution, and each sample was subjected to HPLC. This assay was shown to be linear for the concentrations studied (0.05 to 2 g/ml), with a correlation coefficient of 0.999. The within-day and between-day coefficients of variation for this assay were less than 5%.
Inulin concentrations in plasma and urine were determined spectrophotometrically by the method of Dische and Borenfreund (6) .
Pharmacokinetic analysis. Pharmacokinetic parameters were calculated by the usual methods. The biliary clearance (CL bile ) of rhodamine-123 during each bile collection period was calculated by dividing the biliary excretion rate by the steady-state concentration in plasma (C SS ) determined for that collection period. The renal clearance (CL R ) of rhodamine-123 and inulin was calculated by dividing the renal excretion rate for that collection period by the C SS determined for that collection period. GFR was represented as inulin clearance. The clearance ratio of rhodamine-123 was calculated as CL R /GFR. The tubular secretion clearance for unbound drug, which represents the net tubular secretion, was calculated as CL R /f U minus GFR, where f U represents the unbound fraction of drug. Each parameter was calculated by using the mean value of three points during 60 min.
Statistical analysis. The experiments were performed at least three times, and the results are presented as means Ϯ standard errors. Statistical comparisons were assessed by one-way analysis of variance. When F ratios were significant (P Ͻ 0.05), Scheffe's post hoc tests were done, and P values of Ͻ0.05 were considered statistically significant.
RESULTS
Effects of cyclosporine, erythromycin, colchicine, and cimetidine on biliary excretion of rhodamine-123. There are no in vivo data indicating whether rhodamine-123 is excreted into the bile by P glycoprotein, although rhodamine-123 is known to be secreted into the urine by P glycoprotein (18) . To investigate whether the active biliary secretion of rhodamine-123 is VOL. 45, 2001 P-GLYCOPROTEIN-MEDIATED TRANSPORT IN ENDOTOXEMIAmediated mainly by P glycoprotein, the effects of the wellknown P-glycoprotein substrates cyclosporine, colchicine, and erythromycin and of cimetidine, a typical organic cation drug and P-glycoprotein inhibitor, on the biliary secretion of rhodamine-123 were investigated in normal rats. As shown in Fig. 1 , cyclosporine, erythromycin, and colchicine significantly inhibited the biliary excretion of rhodamine-123, but cimetidine did not. Effect of endotoxin on biliary excretion and renal handling of rhodamine-123. Time-dependent effects of endotoxin on the biliary and renal excretion of rhodamine-123 under steadystate conditions in rats after intraperitoneal injection of endotoxin (1 mg/kg) are presented in Table 1 . In the rats 24 h after injection of endotoxin, CL R of rhodamine-123 and GFR had a tendency to decrease (4.47 to 3.34 ml/min and 2.56 to 2.07 ml/min, respectively), although the differences failed to reach the 5% level of statistical significance. No change in CL bile of rhodamine-123 was observed. In contrast, significant reductions in the values of CL bile and biliary excretion rate of rhodamine-123 were observed in rats 6 h after injection with endotoxin (2.16 to 0.84 ml/min and 0.34 to 0.16 g/min, respectively). The CL R of rhodamine-123 and GFR also significantly decreased in rats 6 h after endotoxin injection (4.47 to 1.79 ml/min and 2.56 to 1.66 ml/min, respectively). The CL R / GFR ratio of rhodamine-123 in control rats and rats 24 h after endotoxin injection was approximately 1.6, whereas that in rats after 6 h decreased to unity. Rhodamine-123 was relatively highly bound to plasma protein, and the unbound fraction in control rats was approximately 0.3, but endotoxin did not change the protein-binding behavior of rhodamine-123. To exclude the effect of plasma protein binding on the changes in the renal excretion of rhodamine-123, the net tubular secretion clearance for unbound drug (CL SU ) was calculated as renal clearance for unbound rhodamine-123 (CL RU ) minus GFR. No significant difference in CL SU was observed between control rats and rats 24 h after injection of endotoxin. However, the value in rats 6 h after injection of endotoxin dropped to approximately 35% of that in control rats (12.4 to 4.3 ml/min).
Role of TNF-␣ in endotoxin-induced decrease in biliary excretion of rhodamine-123. We expected that the area under the plasma concentration-time curve (AUC) of TNF-␣, which represents the duration of exposure in the body, would be a more important factor than peak concentration. TNF-␣ in plasma reached a maximum approximately 2 h after endotoxin injection. Concentrations of TNF-␣ in plasma 2 h after injection of endotoxin and its AUC (AUC 0-4 ) are represented in Fig. 2 . The protective effect of pentoxifylline against endotoxin-induced increases in TNF-␣ levels is also demonstrated in Fig. 2 . Pretreatment with pentoxifylline decreased the AUC 0-4 of TNF-␣ to 50% (from 1,988 to 1,019 pg ⅐ h/ml). To investigate the contribution of TNF-␣ to endotoxin-induced reduction of the biliary secretion of rhodamine-123, pentoxifylline (50 mg/ kg) was injected intraperitoneally 1 h before injection of endotoxin. Pretreatment with pentoxifylline significantly inhib- ited the effect of endotoxin on the biliary excretion of rhodamine-123 (Fig. 3) . Effect of endotoxin on expression of P-glycoprotein mRNA in liver and kidney tissues by RT-PCR. Time course changes in the expression of Mdr1a and Mdr1b mRNA as a function of endotoxin are shown in Fig. 4 . By 6 h after injection of endotoxin, the expression of Mdr1a in both liver and kidney decreased. The expression of Mdr1a mRNA in the liver recovered after 24 h, but that in the kidney did not. The expression of Mdr1b RNA in the liver increased in rats treated 6 and 24 h earlier with endotoxin, but that in the kidney increased in rats after 24 h.
DISCUSSION
The present study focused on the effect of K. pneumoniae endotoxin on P-glycoprotein-mediated biliary and renal excretion of the P-glycoprotein substrate rhodamine-123, which has been used as a marker for evaluating the role of P glycoprotein in anticancer drug-resistant cells and various normal tissues, such as small intestine, liver, kidney, and brain (4, 5, 18, 19, 28, 43) . A series of studies reported that endotoxin-induced changes in the pharmacokinetics of drugs are not directly related to the histopathological changes in liver and kidney (17, 22, 25, 26) . We also investigated the effect of K. pneumoniae endotoxin on the expression of Mdr1a and -1b mRNAs in liver and kidney tissues because P glycoprotein is located in the bile canalicular membrane of hepatocytes and brush border membranes of kidney-proximal tubules (7, 35) .
It has been reported that rhodamine-123 is actively secreted into the urine by P glycoprotein and that glycerol-induced acute renal failure reduces P-glycoprotein-mediated renal tubular secretory clearance of rhodamine-123 by impairment of P glycoprotein (18) . In the present experiments, no changes in the renal handling of rhodamine-123 were observed in rats treated 24 h earlier with endotoxin. However, the CL R of rhodamine-123 and GFR, which is represented as inulin clearance, significantly decreased in rats treated 6 h earlier with endotoxin. The clearance ratio (CL RU /GFR) for unbound rhodamine-123 in control rats was more than 5, indicating that rhodamine-123 is excreted into the urine by active tubular secretion. Endotoxin decreased the net tubular secretion of rhodamine-123 and the expression of Mdr1a in the kidney 6 h after injection, suggesting that P-glycoprotein-mediated renal secretory function in the brush border membrane of renal proximal tubular cells decreases by at least 6 h. The results of the present renal handling experiments might be supported by previous results indicating that endotoxin-induced reductions in GFR and organic anion transport ability are transient events (21, 22, 24) .
To our knowledge, no data on whether the biliary excretion of rhodamine-123 is mediated by P glycoprotein are available. The present study using in vivo clearance experiments showed that the P-glycoprotein substrates cyclosporine, colchicine, and erythromycin significantly inhibited the biliary excretion of rhodamine-123, whereas cimetidine, which is not a P-glycoprotein substrate and is mediated by the organic cation transport system, did not. These results suggest that rhodamine-123 is mainly excreted into the bile by P glycoprotein and might be supported by a report that biliary excretion of P-glycoprotein substrates was decreased in Mdr1a knockout mice (39) . In our experiments, significant reduction of P-glycoprotein-mediated biliary clearance of rhodamine-123 was observed in rats 6 h after endotoxin injection. Reduction of Mdr1a mRNA expression was also observed in the livers of rats treated 6 h earlier with endotoxin. These results suggest that P-glycoprotein-mediated biliary secretory function in the bile canalicular membrane of hepatocytes is impaired until 6 h after injection of endotoxin.
It is well known that endotoxin increases the levels of cytokines, including TNF-␣, interleukin-1 (IL-1), IL-2, and IL-6, and that the elevation of these cytokines might play an important role in endotoxin-induced changes in certain transportermediated biliary excretion systems (11, 33) . There is evidence that TNF-␣ induces up-regulation of transporter genes or MRP1 protein in human colon carcinoma cells and Mdr1 in rat hepatoma cells (1, 34) . Nakamura et al. (27) reported that anti-IL-1 or anti-TNF-␣ antibody restores endotoxin-induced reduction in the expression of cMOAT/MRP2. It was previously proposed that endotoxin-induced suppression of hepatic cytochrome P450-dependent drug-metabolizing activity is caused by the synergistic action of more than one cytokine, for example, TNF-␣ and/or IL-1 (26) . However, the roles of these cytokines and some mediators, such as nitric oxide and platelet-activating factor, in the physiological function of drug transporters remain unclear. We therefore focused on the role of TNF-␣ in endotoxin-induced decreases in the biliary clearance of rhodamine-123. We then investigated the effect of pentoxifylline, which inhibits the overproduction of TNF-␣ (2), on endotoxin-induced reduction of biliary clearance of rhodamine-123 and found that it restored this reduction while protecting the elevation of TNF-␣ levels in plasma. This suggests the possible involvement of TNF-␣ in decreased P-glycoprotein-mediated biliary transport. The effects of endotoxin on the expression of mRNA of other transporters located in canalicular membranes of hepatocytes remain unclear, although it has been reported that endotoxin appears to induce the down-regulation of cMOAT/ MRP2 mRNA in livers (30, 36, 40) . It has also been reported that biliary excretion of P-glycoprotein substrates was decreased in Mdr1a knockout mice (39) . Then, we attempted to investigate the effect of endotoxin on the expression of Mdr1a and -1b mRNA in both liver and kidney. RT-PCR analysis revealed that the expression of Mdr1a mRNA decreased in liver 6 h after endotoxin injection and returned to its control level 24 h after injection whereas Mdr1b mRNA levels increased. Vos et al. (40) have reported that Escherichia coli endotoxin (5 mg/kg) did not change the expression of Mdr1a mRNA in rat livers 6 h after intraperitoneal injection whereas Mdr1b mRNA levels increased. The discrepancy between their results and ours is not clear at present, although it might be a result of the different methods and the use of different endotoxins. Endotoxin-induced overexpression of Mdr1b may be supported by reports that TNF-␣ increases the expression of Mdr1b in rat hepatocytes (11) and that Mdr1b is overexpressed in Mdr1a knockout mice in compensation for efflux pump function of Mdr1a (31) . On the basis of their reports and our results, it is possible that the overexpression of Mdr1b is caused by compensation for endotoxin-induced decrease in the expression of Mdr1a.
On the other hand, it has been suggested that several endogenous modulators of P glycoprotein exist in the human plasma (13) . There is a possibility that the production of endogenous P-glycoprotein substrates in plasma of rats caused by endotoxin treatment is associated with endotoxin-induced decreases in P-glycoprotein-mediated biliary and renal excretion of rhodamine-123.
In conclusion, the present study is the first to use both in vivo clearance experiments and RT-PCR analysis to reveal that K. pneumoniae endotoxin decreases P-glycoprotein-mediated biliary and renal excretion of rhodamine-123 by decreasing the expression of Mdr1a. These results suggest that TNF-␣ may be at least one component associated with endotoxin-induced decrease in the biliary excretion of rhodamine-123. Further studies, however, are needed to clarify the role of TNF-␣ in reduced biliary and renal excretion of rhodamine-123 and in the level of P glycoprotein.
